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ABSTRACT 
WILLIAM R. ANDERSON. An In Vivo Study of Rabbit Oviductal Motility as 
Recorded Utilizing a Microminiature Extraluminal Force Transducer. 
(Under the direction of Christopher M. Fredericks, Ph. D) 
A microminiature force transducer has been developed and used to record 
both acutely and chronically the motility of the rabbit reproductive tract. This 
device, which is comprised of two matched piezoresistive silicon sensors bonded 
to a titanium beam strip, is durable, physically stable, and highly sensitive to 
bending forces (gage factor, 140). 
The reproductive function of 26 rabbits in which two such devices were 
chronically implanted on the right isthmus was examined in detail. The animals in 
which these devices were implanted healed quickly with no evidence of infection 
or other pathological change. No alterations were noted between right 
(implanted) and left side or between experimental or nonsurgical control animals 
in the number of corpora lutea, number of uterine implants, number of viable 
conceptuses, fertility, pregnancy rates, rates of ovum transport, or peripheral 
plasma levels of progesterone or estradiol. The fact that no significant 
differences existed indicates that neither the implantation surgery nor the chronic 
presence of these devices on the reproductive tract disturbed normal reproductive 
function. 
Acute recordings were made in 20 rabbits and revealed continuous, rhythmic 
contractile activity in both the oviduct and uterus. Chronic recordings were made 
in 14 unanesthetized rabbits throughout the 72 hour period encompassing OVUlation 
and ovum transport, and revealed patterns of motility which were markedly 
different from the acute, but were consistent throughout the periovulatory period. 
This activity, with the exception of the period immediately following implantation 
surgery, was characterized by distinct bursts (B) of intense contractile activity, 
interspersed with periods (interburst, IB) of relative quiescence. Recordings made 
under light pentobarbital anesthesia immediately following surgery revealed high 
amplitude, continuous activity, superimposed on a relatively constant baseline. 
By five days postsurgery, the distinct bursting pattern was present in all animals. 
Although the basic pattern of Band IB periods persisted throughout this period, 
significant changes occurred in the durations of its components. B durations 
increased with all values significantly greater (p < 0.01) than their paired estrus 
values from 24 hours forward. IB and interevent (IE) durations diminished 
somewhat at 24 hours, and then significantly increased. The proportion of time 
spent in bursting activity (BP) was significantly (p < 0.01) greater at 24 hours 
(3396) than at estrus (2796). Although BPs declined at 60 and 72 hours, these 
values differed from estrus with a p < 0.10. Progesterone (P) surged from estrus 
values to a peak, at 6 hours, fell until 24 hours, and gradually increased through 
72 hours. All poststimulus P values were significantly (p < 0.01) greater than the 
estrus values. The B, IB, and IE durations at 72 hours were all significantly 
(p < 0.05) and positively correlated with the P levels of the 6 hour surge. The B 
durations at 72 hours were positively correlated with the 72 hour P (p < 0.05). 
This data support the view that changes in isthmic contractility affect ovum 
movement by altering the luminal resistance to its movement. It further suggests 
the importance of the periovulatory changes in P in the regulation of this activity. 
An analysis of the frequency content of the motility records revealed that 
frequency components found at all times throughout the 72 hour periovulatory 
period were primarily located between 0.06 and 0.20 Hz. Peak components were 
found to occur at 0.11 and 0.04 Hz, except for the components at 24 hours post 
stimUlUS. At 24 hours, there was a shift in peak components to 0.09 Hz. The 
significant changes in frequency predicted by some investigators were not noted. 
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INTRODUCTION" AND BACKGROUND 
The oviduct is of fundamental importance in overall reproductive function. 
lVlany complex physiological processes must occur sequentially within this 
structure in order for conception to successfully occur. For example, freshly 
released ova must be picked up from the ovarian follicle by the fimbriated distal 
portion of the oviduct, conducted by the cilia into the ostium of the tube, and 
transported by abovarian ciliary currents and complex muscular contractions to 
the ampullary-isthmic junction (AIJ). At the same time, sperm must be 
transported in an adovarian direction through the isthmus to meet the eggs at the 
site of fertilization. After fertilization, the growing zygote must be then 
transported through the isthmus to the uterus where nidation will occur. This 
journey through the isthmus is a particularly critically-timed process which must 
allow time for the uterus to prepare for implantation and for the zygote to 
mature sufficiently for nidation to be successful. Although a considerable volume 
of information about the morphology, physiology, pharmacology, biochemistry, 
neurology, and biophysics of the oviduct has been accumulated over the past two 
decades, the process of gamete transport through the tube remains poorly 
understood. A review of the literature, however, provides an understanding of the 
basic processes which take place in the oviduct, and will provide a basis for 
defining new approaches for the investigation of ovum transport. 
I. Functional Anatomy of the Oviduct 
The structure of the oviduct is well adapted for its multiple functions. 
Although changes in the histological characteristics are continuous along its 
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length, the tube can be conveniently divided into four portions: (1) the portion 
contained within the wall of the uterus, and which is sometimes referred to as the 
uterotubal junction (UTJ), (2) the isthmic portion which lies immediately distal to 
the UTJ and which comprises approximately 50% of the total length of the 
oviduct in the rabbit, (3) the more distal dilated ampullary portion, and, (4) the 
funnel-shaped infundibulum which terminates distally in the fimbriated end. 
The wall of the oviduct exhibits three distinct layers: an inner coat or 
mucosa, a middle coat of smooth muscle, and an outer coat or serosa which is the 
peritoneal covering. 
The mucosa is thrown into folds or plicae, which are most numerous and 
complex in the ampulla. The complex folding diminishes as the tube approaches 
the uterus. Cross-sections of the isthmic region of the oviduct usually show four 
to six distinct plicae and a narrow lumen. These plica contain the lamina propria 
which consists of connective tissue, blood and lymph vessels. The epithelium of 
the mucosa consists of three cell types: ciliated cells, secretory cells, and "peg" 
cells. Ciliated cells are found in large numbers in the ampulla and decrease in 
number throughout the isthmus to the uterus. The "peg" cells, located near 
secretory cells, have been described as exhausted secretory cells (Hafez, 1980). 
The middle layer of the oviduct consists of three coats of smooth muscle: 
an inner longitudinal layer, a middle circular layer, and an outer longitudinal layer 
(Pauerstein, 1969; Pauerstein, 1974). In the infundibulum, the muscle layers are 
thin and it is difficult to distinguish circular from longitudinal. In the ampulla, 
the muscle layers are also thin, but their layering is distinct. There is a well 
defined circular muscle layer, and a sparse inner longitudinal layer can be found in 
the ampullary plicae. In the isthmus, the three muscle layers are distinct, and can 
be well defined (Williams, 1891; Woodruff and Pauerstein, 1969; Pauerstein, 1974). 
The inner longitudinal layer in the isthmus consists of smooth muscle cells 
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surrounded by abundant collagen fibers. The middle circular layer is prominent 
and constitutes the main bulk of the smooth muscle of the isthmus (Hafez, 1980). 
The outer muscular layer of the isthmus, although less developed than the circular 
layer, is distinct. 
The serosa of the oviduct coalesces in the medial margin in the rabbit. 
Blood and lymph vessels, and nerves run through this mesosalpinx to the oviduct. 
II. Ovum Transport 
A. Normal Time Course 
Normal ovum movement is difficult to study because of its long duration. In 
addition, in order to study the overall event, the time of ovulation must be 
accurately determined, which is difficult in cyclic ovulators such as the human or 
subhuman primates. However, ovulation in the rabbit may be reliably predicted to 
occur approximately 12 hours following stimulation with intravenous human 
chorionic gonadotropin (hCG) or coitus. Therefore, most investigators have 
utilized rabbits in their studies of ovum transport. 
Many techniques have been used to discern the pattern of ovum movement 
through the oviduct (Crosby, 1975). Typically, these techniques have involved 
inducing OVUlation in rabbits either by coitus or by intravenous hCG, excising their 
oviducts at various times following the ovulatory stimulus, and then locating the 
ova within the oviductal lumen. Two basic techniques have been utilized for this 
localization: (1) segmenting and flushing different sections of the oviduct 
(Greenwald, 1959, 1961), (2) clearing the entire oviduct with benzyl benzoate and 
viewing the intraluminal ova with a light microscope (Orsini, 1962; Longley and 
Black, 1958; Pauerstein, 1974). Data from these techniques have demonstrated 
that the transit time from ovary to uterus is fairly constant within a species. 
However, total transport times may vary considerably among species (Croxatto 
and Ortiz, 1975; Blandau, 1969). For instance, total transport time in the opossum 
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is approximately 24 hours whereas total transport time in the dog is 
approximately 8 to 10 days (Croxatto and Ortiz, 1975). Data from these 
experiments have also shown that ovum transport is a discontinuous process 
(Blandau, 1969; Croxatto and Ortiz, 1975; Pauerstein, 1978). In the rabbit, for 
example, freshly ovulated ova move over the surface of the fimbria, into the 
ostium and down the ampulla to the ampullary-isthmic junction (AIJ) in less than 
10 minutes (Boling, 1975; Harper, 1961; Blandau, 1969). At the AIJ, the eggs 
exhibit little forward movement for several hours, during which time fertilization 
takes place, followed by denudation of the cumulus coat. Approximately 24 to 
36 hours following the ovulatory stimulus, the egg begins to enter the distal 
isthmus. Greenwald (1961) using the flushing technique, and later Polidoro et al. 
(1973), using the clearing technique, have expressed ovum movement through the 
isthmus as a percentage of the overall oviductal length. At 24 hours following 
heG, the ova had traversed 54% of the oviduct to an area approximately located 
at the AIJ. Ova began entering the distal isthmus approximately 24 to 36 hours 
following the ovulatory stimulus, and had traversed 62, 69, 71, 79, 96% of the 
oviduct at 36, 48, 60, 72, and 84 hours respectively (Polidoro et al., 1973). 
Therefore, once the egg enters the isthmus, it is gradually and progressively 
transported to the uterus in approximately 48 hours. Humphrey (1976) has 
recorded a similar pattern in mice. In the human, however, ovum transport 
through the ampulla is much slower. Transport of newly ovulated ovum from the 
fimbria to the AIJ takes about 30 hours (Croxatto and Ortiz, 1975; Pauerstein, 
1975; Eddy et ai., 1976). The egg is retained at the AIJ for approximately another 
30 hours, followed by a brief interval of isthmic transport (Cheviakoff et al., 
1976). 
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B. Mechanism of Ovum Transport 
Many mechanisms have been proposed to account for the rapid ampullary 
transport in the rabbit. These include accessory ligament contraction, rheology 
associated with the movements of luminal secretions, the rate and direction of 
the beat of the abundant cilia lining the ampullary lumen, and the contractile 
activity of the ampullary smooth muscle (Blandau, 1969; Verdugo et a!., 1976). 
Histologically, it has been estimated that 60% of the surface area in the ampulla 
is ciliated, with the remaining 40% consisting of secretory cells (Patton and 
Halbert, 1979). Experiments using ovum surrogates, lycopodium spores, or 
methylene blue stained cumuli containing ova, have demonstrated pronounced 
prouterine currents which are developed by rapid ciliary activity (Gaddum-Rosse 
and Blandau, 1973; Diaz et al., 1976). This activity has been shown to be affected 
by the hormonal environment of the tissue. Specifically, ciliary activity seems to 
increase during the luteal phase of the cycle (Blandau and Verdugo, 1976; Borell 
et al., 1957). The significance this plays in normal ovum transport is clouded by 
the fact that changes in the levels of estrogen and progesterone during this phase 
also alter the viscosity of the tubal secretions, which can intimately affect the 
efficiency of the ciliary beat. Although contractile activity of the thin tunica 
muscularis of the ampulla has been proposed to coincide with ova movement in 
the proximal portion of the ampulla (Boling and Blandau, 1971; Greenwald, 1961; 
Greenwald, 1963; Harper, 1961a, 1961b), the contribution of the smooth muscle 
contractions to ovum movement in the ampulla has yet to be shown (Hafez, 1980). 
It should be noted that the lumen of the ampulla is very large in relation to the 
diameter of the egg (Hafez, 1980) which, presumably, would make transport by 
smooth muscle contractions an inefficient, highly energy consuming process. 
Smooth muscle blockade using isoproterenol (Halbert et al., 1976a) or 
acepromazine (Halbert et al., 1976b) does not prevent ovum transport in the 
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ampulla. In addition, preliminary stUdies using scanning electron microscopy have 
revealed a direct correlation between the efficiency of the ampullary transport 
and the proportion of ciliated cells found in the ampullary mucosa (Gaddum-Rosse 
and Blandau, 1973). If ciliary function is the major driving force for ampullary 
ovum movement, then the reversal of a segment of the ampulla, thus reversing 
the beat of the cilia, should disrupt normal ganlete transport. Kuo and Lim (1928) 
have produced infertility in rabbits and pigs after reversing a large segment of the 
ampUlla. lVlore recently, Eddy et a!. (1976) and others (McComb and Gomel, 1980; 
Halbert and Paton, 1979) have prevented pregnancy in rabbits by the 
microsurgical reversal of a 1 cm. segment of the ampUlla. These observations all 
suggest that the primary mechanism for ovum transport in the ampulla is provided 
by the longitudinal fields of cilia beating in an abovarian direction. However, the 
sparse smooth muscle may serve a facilitory role by periodically altering the 
position of the ova to provide adequate contact with the cilia and to provide a 
means of surpassing minor ampullary obstruction (Halbert and Paton, 1979; 
Blandau, 1969; Blandau et al., 1975; Blandau and Verdugo, 1976; Pauerstein et al., 
1974; Eddy et al., 1978). 
Although ciliary activity seems to underlie the rapid ampullary transport of 
the ovum in the rabbit, the role of cilia in isthmic transport remains a mystery. 
Histologically, the isthmic epithelium, unlike that in the ampulla, contains few 
ciliated cells. The contribution of the cilia in isthmic ovum transport is difficult 
to discern due to the thick muscular layer of the isthmic wall. Eddy et ale (1976), 
in contrast to their experiments involving the ampulla, obtained pregnancy 
following segmental reversal of the rabbit isthmus. Gaddum-Rosse and Blandau 
(1973) using lycopocium spores, microspheres, spores of Fuligo septica, and rabbit 
erythrocytes, observed proovarian ciliary currents in the rabbit isthmus. The 
sparseness of cilia, the lack of an effect following isthmic reversal, and the 
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presence of adovarian currents produced by the cilia, all suggest that other 
mechanisms must be responsible for the adovarian transport of ova through the 
isthmus. In contrast to the ampulla, the isthmic tunica muscularis is prominent 
and the diameter of the isthmic lumen approaches the diameter of the ovum 
(Pauerstein, 1974). It has been noted for many years that the contractile activity 
of the isthmus varies during the reproductive cycle (Coutinho et a!., 1975). It has 
been thought that continuous, segmental peristaltic and antiperistaltic movements 
under the control of neural and hormonal factors resulted in prouterine ovum 
transport (Aref and Hafez, 1973). However, the marked thickness of the isthmic 
musculature has made the direct observation of the transport phenomena 
impossible. Recent observations seem to indicate, however, that the contractile 
activity of the oviduct imparts a pendulous "to and fro" motion to the ovum or 
ovum surrogates instead of the large sweeping movements which would be 
characteristically produced by peristaltic waves (Daniel, 1975; Halbert, 1976a; 
Talo and Hodgson, 1978; Verdugo et al., 1976; Verdugo et al., 1980). Although the 
prevailing view is that hormonally modulated smooth muscle activity is the 
primary mechanism of ovum transport in the isthmus, investigators have failed to 
demonstrate a direct link between these two phenomena. 
III. Oviductal lViotility 
A. In Vitro Measurement 
Only a few techniques have been used to record the contractile activity of 
the oviductal smooth muscle in vitro. Boling and Blandau (1971) observed the 
movement of ova in the ampulla using the isolated, blood perfused, whole oviduct 
technique. Raess and Vincenzi (1980) have described a similar technique in the 
rabbit, in which the upper fourth of the uterine horn, mesosalpinx, entire oviduct, 
the mesotubarium, the ovary, and the major blood vessels were excised en bloc, 
and perfused with whole blood via the major vessels. Most of the other techniques 
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have involved the measurement of the motility of isolated isthmic or ampullary 
strips. Longitudinal contraction force has been measured isometrically or 
isotonically by anchoring one end of the muscle strip and attaching the other to a 
force-displacement transducer. Oviductal segments, which have been cut 
specifically in spirals or rings, have been used to record circular muscle activity 
under various experimental conditions (Higgs and Moawad, 1974; Hawkins, 1964; 
Johns and Paton, 1975; Molnar et al., 1976; Widdicombe et al., 1977). Efforts 
have also been made to record longitudinal and circular muscle contractions in the 
same isolated preparation (Seitchik et al., 1968). Although the significance of 
these in vitro techniques in establishing the basic physiology of the oviductal 
smooth muscle cannot be underestimated, whether the in vitro data can be applied 
to the normal function of the oviduct in relation to ovum transport is unclear. 
Normal ovum transport is a dynamic process, exhibiting varying velocities 
depending upon the section of the oviduct being investigated. In addition, possible 
hormonal modulation of the oviductal function is also a dynamic process with the 
plasma levels of various sex-steroids changing in a predictable manner over time. 
In vitro experiments provide information on only a short segment of the total 
transport process in a given animal, which is in a given hormonal state. 
Therefore, in vitro techniques have their greatest utility in describing the physical 
characteristics of the oviductal smooth muscle, and not in the understanding of a 
continuous, dynamic, highly regulated process such as ovum transport. 
B. In Vivo Measurements 
lVlany techniques have been employed for recording oviductal activity in 
vivo. These have included visual techniques, intratubal pressure measurements 
using balloon tipped catheters, perfusion and infusion stUdies using open-ended 
catheters, electrical recordings of muscle activity, and a combination of pressure 
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and electrical recordings. Visual techniques have consisted of acute experiments 
in which the oviduct was viewed in situ via laporoscopy or laparotomy (Boling and 
Blandau, 1971; Blandau and Gaddum-Rosse, 1974). Motility has also been 
recorded cinematographically (Harper, 1961a, 1961b). These experiments not only 
suffer the disadvantage of being acute, thus viewing only a short segment of total 
transport, but also requires that the subject be restrained or anesthetized. 
Cineradiographic visualization of transport, which entails recording the transport 
of a radioopaque dye through the oviduct using X-ray fluorography have also been 
used (Fermstrom, 1971). Although these studies demonstrate the contractile 
activity of the oviduct, liquid droplets possess significantly different physical 
properties than the ovum, and are transported in a manner quite dissimilar to that 
of the ovum. Moreover, the dose of radiation which is needed to view the process 
allows viewing of only a short segment of total transport. Pressure measurements 
made with closed end catheters (Greenwald, 1963; Coutinho et al., 1971; Mattos 
and Coutinho, 1971; Aref and Hafez, 1973; Spillman and Harper, 1973, 1974; Maia 
and Coutinho, 1976) as well as with various perfusion and infusion techniques using 
open ended catheters (Horton et al., 1965; Howe and Plack, 1973; Levy and 
Linden, 1972) have been used as indirect measures of motility. However, the 
placing of such catheters, balloons, and fluids into the lumen may cause irritation 
and distention of the myosalpinx thus altering normal activity. In addition, 
intraluminal techniques preclude normal function of the organ, which is the 
nourishment and transport of the ovum to the uterus (Blandau et al., 1975). 
Especially with reference to the perfusion and infusion techniques, changes in the 
lumen diameter anywhere along the oviduct would be recorded as a change in 
resistance to fluid flow. ThUS, localized segmental contractions described by 
Verdugo et ale (1976) could not be distinguished from those occurring along the 
entire oviduct. 
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The recording of the electrical activity of the oviduct also has been used as 
an indirect measure of smooth muscle activity (Talo and Brundin, 1971, 1973; 
Talo, 1974; Talo and Hodgson, 1978; Ruckebusch and Pichot, 1975; Ruckebusch, 
1975). Talo (1974) recorded the electrical activity of the oviduct from five 
suction electrodes placed at approximately equal intervals from the mid-ampulla 
to the lower isthmus. A gradient of electrical burst activity was recorded at 
5 hrs. post heG with the highest burst frequency located at the AIJ, and 
decreasing in both directions from that area. Each electrical burst was shown to 
propagate in all directions. However, forming conclusions concerning the 
transport of ova through the oviduct based on the electrical activity of the 
smooth muscle is difficult because the magnitude or duration of the contractile 
response or if a contractile response was elicited by the electrical discharge 
cannot be determined. The measurement of the electrical activity, therefore, is 
useful in determining local, segmental activity of the tube only when there can be 
a simultaneous recording of the local smooth muscle response. 
l\tlore sophisticated means of recording smooth muscle activity of the 
oviduct have been developed. These techniques use various devices such as the 
mutual inductance transducer (Duff et al., 1972), the optical densitometer cuff 
(Stegall et aI., 1973; Halbert et aI., 1980; Blandau et aI., 1975), and the Hall 
Effect Strain Transducer (Blandau et al., 1975). In addition, various techniques 
involving ultrasound to detect changes in the luminal diameter have been used 
(Hodgson et al., 1973). However, these methods, like local electrical recordings, 
provide only an indirect measure of myogenic activity. Moreover, most of the 
indirect techniques listed are difficult to precisely calibrate. This is especially 
apparent in the optical cuff transducer in which the transmitted light may be 
scattered or absorbed not only by the tubal musculature, but also by the local 
blood flow or the luminal plica of the ampulla. This presents a problem not only 
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in recording from different areas of the oviduct in the same animal, but also in 
comparing records obtained from the same location in different animals. 
Recently, new methods employing direct extraluminal measurement of 
oviductal motility have been developed. These extraluminal recording techniques 
have been specifically designed to avoid violation of the intraluminal milieu and 
to retain normal physiologic function. These extraluminal sensors include 
mercury strain gages and piezoresistive force transducers. 
The first reported investigation using an extraluminal force transducer 
(EFT) for the study of oviductal motility in vivo was by Maistrello (1971), utilizing 
a mercury strain gage. IVlaistrello's gage consisted of a mercury filled silicone 
rubber tube having 4 mm copper wire inserted into each end. The mercury gage 
was suspended between the ends of a "u" shaped mounting constructed from 
plastic. Copper wires provided cabling between the gage and the recording 
instrumentation. Implantation of the devices consisted of anchoring the oviduct 
to the abdominal musculature with the center of the "U" placed around the 
oviduct such that the oviduct rested upon the strain gage. The "un shaped bracket 
was then anchored to the abdominal wall. Although this technique presumably 
measured circular muscle motility, many problems arise from the method. First, 
mercury strain gage transducers typically exhibit extremely low resistance (.35-
.4 ohms) which makes matching with strain gage amplifiers difficult. Special 
instrumentation is needed to discern the extremely small resistance changes of 
mercury gages. Secondly, the manner with which the strain gage was 
manufactured resulted in an extremely variable resistance change depending upon 
the location of the contraction with respect to the mercury-filled tube. Thirdly, 
the author does not comment on what effect the device has on normal function. 
The experiments reported by Maistrello recorded motility only up to 48 hours, the 
time at which the ovum is only beginning to pass through the isthmus. 
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Jeutter (1974) developed a greatly improved piezoresistive force transducer 
for use in recording monkey and rabbit oviductal motility. The device was made 
by bonding a silicon gage to one side of a beryllium copper beam strip. The final 
device, having a gage factor of approximately 138 at 370 C was linear up to 
12 gms of force. However, the device was insulated by placing it in a 1 cm tube 
filled with silastic medical adhesive, which made the device cumbersome. In 
addition, the author does not address the problem of the time course of ovum 
transport and specific patterns of motility at various times during the cycle. 
Nelson et al. (1973) reported results of experiments using a similar 
microminiature force transducer. This piezoresistive transducer was developed 
with the dimensions and sensitivity commensurate with the size and power of the 
rabbit oviduct. Although these devices were able to record for extended periods 
of time, their small size and relative fragility required special handling in order to 
use them successfully. In addition, the physical characteristics of the device 
made its applicability somewhat limited. There was considerable hysteresis in the 
force vs. resistance change characteristic of the device beginning at 
approximately 1.5 gms of force. Moreover, the breaking stress in the bending 
mode was only 4 gms. An additional problem which may arise in specific 
applications was that the resistance change due to temperature variations was not 
linear. 
c. Patterns 
The interpretation of data concerning cyclic patterns of oviductal motility 
are difficult due to the variety of techniques employed, the variety of animal 
models used, lack of standardized quantitation, and the lack of knowledge of the 
hormonal status of the animal. The lack of standardized quantitation along with 
the lack of hormonal data make generalizations about the normal pattern of 
motility difficult. 
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In vitro kymographic recordings of rabbit oviductal isthmus typically have 
shown contraction rates ranging from 4-12 contractions per minute (Black and 
Asdell, 1958, 1959; Talo and Brundin, 1971). Talo and Brundin (1971), employing 
intratubal perfusion techniques, recorded contraction amplitudes ranging from 
5-30 mm Hg. Maistrello (1971), using an extraluminal mercury strain gage, and 
Muller and Nelson (1979), using a microminiature solid state transducer, have 
recorded mean contractile activity from the rabbit isthmus ranging from 
1 to 14.6 contractions/min. Bourdage and Halbert (1980), using a chronically 
implanted, extraluminal optoelectric transducer, have recorded a contraction 
frequency varying from 11.7 to 13.3 contractions/min. in the estrus rabbit. 
However, Aref and Hafez (1973), using an intraluminal balloon-tipped catheter, 
have shown periodic outbursts of increased contractile activity superimposed on 
moderate increases in basal tone. This contractile pattern has also been observed 
by Hodgson et al. (1973), using an extraluminal ultrasonic transducer. These 
outbursts of activity occurred approximately every 10-20 minutes in the estrus 
rabbit. Coutinho et al. (1975), using balloon-tipped catheters in various locations 
in the rabbit isthmus, observed intermittent occurrences of spasmodic activity, 
similar in pattern to that observed by earlier investigators. 
In the Rhesus monkey, in vivo recordings of oviductal activity are similar to 
those obtained in rabbits. Jeutter (1974), while chronically recording the motility 
of the isthmus throughout the reproductive cycle, noted contraction frequencies 
ranging from 1-2 contractions per minute during the proliferative phase. 
However, characteristic outbursts of increased activity occurred at OVUlation. 
The mean frequency of the contraction events within the burst were 
approximately 4.5 contractions/min. These outbursts of activity occurred every 
5-6 minutes. However, the outbursts of activity were not observed throughout 
the secretory phase. 
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Several authors have reported that the oviductal motility in the human is 
characterized by low amplitude contractions occurring approximately every 
20 seconds, with superimposed instances of increased muscular activity (Aref and 
Hafez, 1973; Maia and Coutinho, 1976, 1978; Sica-Blanco, 1970). Sica-Blanco et 
ale (1970) have recorded in vivo oviductal activity with open-ended catheters. 
Although their records contain much spontaneous variability, typical contractions 
ranged from 1-5 mmHg, with pressures as high as 20 mmHg. Like the recordings 
of rabbit and monkey motility, these records have shown outbursts of intense 
contractile activity. This outburst of activity typically lasted 4-5 minutes. 
Fluctuations in tubal contractility seem to be correlated with follicular 
development and cyclic changes in systemic follicular steroid levels. In the 
rabbit, for example, at estrus the pattern of motility is characterized by high 
frequency and low amplitude, while during the luteal phase, contractions of 
increasing amplitude are observed. Contractions of the greatest amplitude begin 
post coitus and increase throughout pseudopregnancy (Talo and Brundin, 1971; 
Salomy and Harper, 1971; Aref and Hafez, 1973). In the Rhesus monkey the most 
intense and regular contractile activity occurs during the proliferative phase, with 
motility decreasing and becoming more irregular during the secretory phase and 
menses (Jeutter, 1974). In women, cyclic patterns have also been noted. The 
sporadic activity of the follicular phase increases as ovulation approaches, with 
decreases in the frequency and intensity of contractions during the luteal phase. 
However, at menstruation, the motility of the isthmus is exaggerated with 
frequent outbursts of increased activity (Maia and Coutinho, 1976). 
While the exact role of tubal motility in fertility remains obscure, most 
investigators agree that this phenomenon plays an important part in the transport 
of both ova and spermatozoa. It is clear from past investigations that the 
muscular structures of the oviduct are mechanically active and that this activity 
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varies with the reproductive cycle. Unfortunately, almost all of the 
measurements upon which these conclusions are based have been difficult to 
calibrate, short lived, and disruptive of normal function. Moreover, most data 
acquired by these techniques have been qualitative in nature. 
In view of the recent history of problems associated with the recording and 
characterization of oviductal activity, this investigation was undertaken with the 
following specific aims: 
(1) to develop a chronic in vivo instrumentation system for recording 
oviductal motility in the unanesthetized, unrestrained rabbit. 
(2) to develop a surgical procedure for implanting this system on the 
isthmus of the oviduct. 
(3) to determine the impact of the chronically implanted system on normal 
reproductive function. 
(4) to record the spontaneous contractile activity of the isthmus during 
estrus and the 72 hr. post-ovulatory period encompassing ovum 
transport. 
(5) to analyze the motility data in terms of contraction duration, amount of 
contractile activity during specified times during the cycle, and the 
frequency components of the contractile activity, in an effort to 
discern patterns of contractile activity during the 72 hr. periovulatory 
period. 
(6) to discern whether the pattern of oviductal contractility is related to 
the changing hormonal status of the animal during ovum transport. 
The descriptive and quantitative information in this investigation should 
provide an invaluable basis for future experimentation into the effects of specific 
perturbation of normal reproductive function, and contribute to the development 
of a predictive model of ovum transport. 
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Figure 1. Photomicrograph of microminiature force transducer used to 
record oviductal and uterine motility. 
FIGURE 1 
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Figure 2. Schematic view of both sides of microminiature force 
transducer containing two piezoresistive silicon sensors. 
A. 
B. 
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from the suture hole at the other end of the beam. Resistance change in each 
sensor and total resistance of both sensors was measured using a Simpson 
Model 461 Digital multirneter. 
Resistance change vs. temperature calibrations were also made for the 
devices using a 1 gram load and an ambient temperature range of 30 to 450 C. 
The electrical and structural integrity of these devices was tested by 
immersing them in a physiologic salt solution (Hartman's Solution) at an ambient 
temperature of 370 C for eight weeks. Resistance measurements were recorded 
on a daily basis. 
C. Implantation Harness 
Implantation harnesses were assenlbled from two or three of the transducer 
assemblies and their cables and connector (Fig. 3). In order to increase harness 
stability, the gold shielded cables from each transducer were periodically bonded 
together using 3 mm diameter silastic tubing filled with silastic medical adhesive 
(Silicone type A, Dow Corning Corp., Midland, Michigan). A connector assembly 
was fabricated by silver soldering these individual lead wires to a 16 pin DIP 
connector (Alpha Wire, Elizabeth, N.J.). The soldered side of the DIP connector 
was then embedded in plastic (Clear Cast, American Handicrafts Co., Ft. Worth, 
Texas), which, when hardened, provided an extremely durable connection to the 
recording instrumentation. 
II. Recording Instrumentation 
The transducer harness was interfaced with Beckman 9853A AC/DC 
Pressure/Force couplers set up for the two-arm bridge configuration (voltage 
input resistance 2 M ohms; bridge input resistance 20 K ohms) (Fig. 4). Two 
400 ohm resistors, internal to the coupler, completed the bridge. Each transducer 
gave rise to three lead wires. Two of the lead wires had a high resistance which 
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Figure 3. Schematic view of transducer implantation harness: 
(a) miniature connector; (b) Parylene-coated gold-shielded 




was the total resistance of the two silicon sensors. These two leads were 
designated leads C and D. The third wire was approximately half the resistance in 
conjunction with lead C or D and was designated lead B. Pins C and D of the 
harness connector are interfaced with pins C and D of the dynograph coupler and 
are the leads which output a voltage in response to a resistance change in the 
transducer. Pin B of the connector is interfaced with pin B of the dynograph 
coupler. This lead, along with the internal connection of pin A, provided the 
excitation voltage (0.5 to 1.0 V.) to the bridge. 
Contractile information in the form of an analog voltage was recorded 
simultaneously on both an ink writing curvilinear Beckman R611 dynograph and an 
Ampex FR-1300 laboratory tape recorder. The tape recorder inputs were 
connected to the dynograph via the driver amplifier output jacks. Since the 
analog tracing on each channel is a function of the polarity of the excitation 
voltage and on the amplifier setting, both were noted before each recording 
session. The paper speed on the dynograph was 0.5 mm/sec. One channel on the 
Beckman dynograph (slow code) and on the Ampex recorder (IRIG B format) was 
devoted to a serial time code generated by a time code generator/translator 
(DATUM MODEL 9300). This superimposed an accurate time reference upon all 
recorded measurements. In later data analysis this permitted a precise 
correlation between events on the visual record and those on magnetic tape. The 
Ampex FR-1300 recorder is an FM-FM format unit using 1/2 in. magnetic tape. 
Motility records were recorded at a tape speed of 3 3/4 inches per second. This 
speed was necessary to allow the time code carrier signal (1000 Hz) to surpass the 
low pass filters which are internal to the Ampex recorder electronics. For data 
analysis, the data was dumped to the LSI-II computer at a speed of 15 inches per 
second, thus allowing a total time compression of 4 times real time. 
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Figure 4. Block diagram of data acquisition and analysis system. 
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III. Ani m als 
Virgin, sexually mature, female white New Zealand rabbits were used 
throughout these investigations. All were housed individually with an ambient 
temperature of 700 F and a regulated light cycle of 14 hours on and 10 hours off. 
They were fed commercial rabbit chow and water ad libitum, except for two 
weeks prior to surgery, during which time they were placed on a complete but 
restricted diet. This was done to reduce the amount of adipose tissue surrounding 
the mesentaries and muscular structures of the reproductive tract. Adult male 
New Zealand white rabbits of known fertility were similarly maintained for 
breeding purposes. 
IV. Transducer Implantation 
A. Acute 
Acute implantation was accomplished and reproductive tract motility was 
recorded in 20 rabbits, at estrus, and at 24, 48, and 72 hours post heG and coitus. 
For the acute recordings, the animals were anesthetized with intravenous 
pentobarbital sodium (Nembutal, 35 mg/kg) via the marginal ear vein. The 
reproductive structures were exposed through a midline abdominal incision. 
Transducers were attached to the upper right and left isthmus, the lower right 
isthmus in the area of the UT junction and the upper right uterine horn. Records 
were taken for a period of up to five hours, during which time spontaneous 
activity as well as the response to intravenous epinephrine (10 1-1 g) and 
isoproterenol (5 1-1 g) per animal were recorded. 
B. Chronic 
1. Surgical Procedure 
Chronic implantation was made and oviductal motility was recorded in 14 
rabbits. 
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Before implantation, the transducer harness was cold sterilized using the 
BARD ethylene oxide sterilization system. Surgical anesthesia was induced in 
each animal using intravenous pentobarbital sodium (Nembutal) at a dose 
approximating 25 mg/kg body weight via the marginal ear vein. The abdominal 
and midscapular region of the animal was shaved and scrubbed with 1:2500 
Zephiran. Both regions were then scrubbed with providone iodine (Iodoprep) and 
allowed to dry (approximately 5 to 7 minutes). The animal was placed on the 
operating table, surgically draped (Steri-drape, 3M Company, St. Paul, Minnesota), 
and a venicath (Deseret E-Z Set-23, Deseret Company, Sandy, Utah) placed in the 
marginal ear vein for additional anesthetic administration and for use in drug 
administration post-surgically. 
The surgical procedure began by a midline abdominal incision down to the 
abdominal musculature. The animal was rotated to its left side, thus presenting 
the midscapular region. An incision was made midway between the scapulae down 
to the muscular layer. The transducer was then removed from its sterilization 
bag and placed, transducer end first, into a hollow trocar. The trocar, 
approximately 12 inches in length, has a machined wedge at one end which could 
be removed when positioning the cable subcutaneously. The trocar, with the 
inserted cables, was passed SUbcutaneously, wedged end first, from the 
midscapular region to the abdominal region. When the cable assembly was in the 
desired position the connector was anchored to the underlying muscular layer 
using 2-0 suture. The midscapular wound was closed and the trocar removed 
through the abdominal incision, leaving a small subcutaneous tunnel containing the 
transducer leads. The animal was then returned to the ventral side up position. 
The abdominal cavity was opened approximately 1 mm to the left of the 
linea alba. The abdominal viscera were carefully manipulated to provide maximal 
exposure of the reproductive structures. Each transducer of the transducer 
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Figure 5. Diagrammatic representation of the right upper reproductive 
tract of the rabbit. This diagram shows the typical 
attachment of two extraluminal force transducers to the 











harness was sewn to the serosal surface of the isthmus in such a way that the long 
axis of the transducer was parallel to the long axis of the oviduct (Fig. 5). One 
transducer was placed in the region of the uterotubal junction, the second being 
placed approximately 1 1/2 cm adovarian to the first (Fig. 3). Each transducer 
was securely anchored to the isthmic musculature using 6-0 suture material, one 
suture placed through the suture hole at the end of the device, the other placed 
around the cable side of the epoxy bead. Care was taken to avoid all major 
vessels in the areas of attachment. The lead wires, running towards the uterus, 
were anchored in the uterine mesentary using single 4-0 silk sutures. This 
attachment was located specifically to reduce any stress which might be imparted 
to the reproductive tract by the implanted harness, and to give overall stability to 
the transducer attachment. Before closure the abdominal viscera were washed 
with isotonic saline, and placed in an approximately normal position within the 
abdominal cavity. Closure of the abdominal wound was done in two layers. The 
muscle was closed using 2-0 silk in a continuous suture. The harness cables in 
some cases were anchored at one spot immediately adjacent to the abdominal 
wound by a single 2-0 silk suture passed superficially through the abdominal 
muscle and through one of the silastic-filled bonding tubes. The skin was closed 
with single 2-0 silk sutures. Finally the animal was interfaced with the recording 
apparatus and a post surgical record was taken. This record served to ensure the 
integrity of the implantation harness postsurgically and to establish the 
anesthetized, postsurgical motility record. In addition, the polarity of the 
contraction record (contraction in the upward direction on the paper record) was 
established by the infusion of isoproterenol (10 lJg bolus) via the marginal ear 
vein. Isoproterenol, a e-agonist, has been shown to relax the smooth muscle of 
the oviduct. 
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Post-operative care included administration of DistrycillinR (procaine 
penicillin G and dihydrostreptomysin) and wound treatment with Zephiran 
chloride. Before being returned to its cage postsurgically and after each 
recording session, the connector pins were protected with a plastic cap and the 
animal placed in a nylon laboratory animal jacket (Alice King Chatham Medical 
Arts, Los Angeles, California). 
v. Ovarian Steroid Analysis 
At estrus and at various intervals throughout the 72 hour period 
encompassing ovulation and tubal ovum transport, plasma levels of progesterone 
(P) and estradiol (E2) were determined in both control and treated animals. 
Three ml blood samples were collected in a heparinized syringe via an intravenous 
catheter (Intracath, Deseret Company, Sandy, Utah) which was passed through the 
marginal ear vein. Blood samples were put in tubes containing 10.5 mg EDTA (K3) 
to prevent clotting. The samples were then centrifuged approximately 15 minutes 
and the plasma collected. These plasma samples were then frozen and stored at 
00 C until analyzed. The concentrations of P and E2 were determined by 
radioimmunoassay according to the method of Mathur et ale (1980). Specifically 
the steroids and their tritium labeled standards were extracted with n-hexane (P) 
or diethyl ether (E 2), dried, and reconstituted in spectral grade methanol. The 
antibody for P was generated in sheep using 11-0H progesterone bound to bovine 
serum albumin. This antibody exhibits less than 196 cross-reactivity with 17-0H 
progesterone and less than 0.1 % crossreactivity with the other plasma steroids 
cortisol, estradiol, and estriol. E2 antibody was produced in rabbits using 6-keto 
E2 bound to thyroglobulin. This antibody exhibits less than 2% crossreactivity 
with estrone and less than 196 crossreactivity with estriol. The useful range of 
the standard curves (in picograms) was 100 to 1200 for P, and 10 to 150 for E2-
All assays were conducted in duplicate and recoveries greater than or equal to 
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8096 were achieved from both the internal standards and the exogenous steroids. 
Typical interassay variation was less than 15% and intraassay variation was less 
than 10%. All samples from the same animal were analyzed in the same batch to 
avoid interassay variation. 
The statistical difference between estrus values and all subsequent time 
values within groups was tested using Student's t test. While a two sample t test 
could be made between animal groups at any individual time, a comparison of the 
levels at all times required a significance level adjustment to compensate for the 
multiple comparisons being made. The conservative procedure of dividing the 
significance level for each t test by the number of comparisons was used since the 
pair wise correlation in each group was not significant (Pollard, 1977). 
VI. Effect of Transducer Implantation on Reproductive Function 
A. F ertili ty 
The effect of the implanted harness on overall reproductive function was 
assessed according to the method of Fredericks and Anderson (1979). Specifically, 
reproductive function, characterized in terms of the number of corpora lutea, 
uterine implants, and normal conceptuses, was assessed in rabbits in which a 
"dummy" transducer harness was implanted. Dummy implantation harnesses are 
similar to the harness described above with the exception that the midscapular 
connector is not used. Following the 7-10 day postsurgical recovery period, 
rabbits were given 75 I.U. heG and bred with fertile bucks. Fertility data was 
collected at autopsy approximately 18-20 days post-stimulus. 
Fertility was defined in terms of the proportion of animals pregnant (i.e., 
bearing uterine implants) and the proportion of ovulated follicles resulting in 
uterine implantation or normal conceptuses. A separate assessment of this data 
was made for each side of the reproductive tract. Differences between opposite 
sides within animal groups were tested for significance using Wilcoxon's matched 
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pair signed rank test (Pollard, 1977). Differences between the same sides of 
different animal groups (control vs. treated) were tested using Wilcoxon's two 
sample test for unpaired observations (ibid.). Differences between the control and 
treated groups in the number of animals pregnant were analyzed using Fisher's 
exact test for 2 x 2 tables (ibid.). Proportions within or between animal groups 
were tested using a standard chi-square test for the comparison of mean 
proportions (Fleiss, 1972). Alpha levels of p < 0.05 were regarded as significant. 
B. Ovum Transport 
The effect of the implanted transducer on normal ovum movement was 
assessed by establishing the location of ova within the oviduct at 60 hours 
following heG and coitus. Locating the ova within the oviduct was achieved by 
freezing the reproductive structure in situ at autopsy using liquid nitrogen (Orsini, 
1969). This procedure stopped all biological activity including ovum movement. 
Following thawing, the tract was excised and trimmed of all excess fat. The 
oviduct was fixed in a mixture of acetic acid-ethanol and formalin (AF A solution) 
for 24 hours. The tissue was dehydrated in an alcohol series of 50, 60, 70, 80, 88, 
90, 95, and 100% ethanol. Hydrogen peroxide (3096) was added to the lower 
concentrations of alcohol in order to bleach the tissue. After the tissue had been 
through two changes of 100% ethanol, it was placed in a 1:1 solution of 100% 
ethanol and benzene. The tissue was then carried through two changes of 
benzene, and then cleared using benzyl benzoate. The tissue could then be stored 
indefinitely in benzyl benzoate. In order to view the material, the cleared tissue 
was placed in a "boat", manufactured from 1 1/2 inch plexiglass, and covered with 
benzyl benzoate. The boat was placed on the microscope stage and the oviduct 
was transilluminated. Visualization of the ova within the oviductal lumen was 
facilitated if the light was placed through the smallest apperture obtainable from 
the condensor. Ova could easily be seen at a magnification ranging from 40 to 
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60x. Ovum movement was expressed in terms of the percentage of the total 
oviductal length (infundibulum to uterotubal junction) traversed. Results from 
transducer implanted experimental animals were compared to nonsurgical control 
animals in which ovum transport was assessed at 6, 12, 24, 48, 60, and 72 hours 
post heG and coitus. Nearest, farthest, mean and median ovum positions and 
percent oviductal egg recovery (i.e., ova visualized within the oviduct expressed 
as a percent of the number of ovulated follicles) were obtained from each side of 
the reproductive tract. Statistical comparisons within and between animal groups 
were conducted as described for the fertility data. 
VII. Recording and Analysis of Periovulatory Motility 
The female rabbit, being an induced ovulator, remains in estrus until 
copulation triggers the induction of OVUlation. However, OVUlation may also be 
produced following an I.V. injection of 75 I.U. hCG. In this investigation, 
attention was directed to the activity of the oviduct at estrus, as well as to 
changes in oviductal activity associated with the periovulatory period. 
Specifically, chronic recordings of oviductal motility were recorded at estrus 
(T+O) and at 6, 12, 24, 48, 60, and 72 hours following 75 I.U. heG and coitus in the 
rabbit. Since these animals were conscious, and the transducer harness was 
interfaced with the data acquisition system by the midscapular connector, their 
movement was partially restricted by a recording box (approximately 400 cm2 
floor area). 
A. Microcomputer Equipment 
Statistical analysis of the motility in the time domain and frequency domain 
was done on an LSI-11 laboratory computer. The LSI-l1 (Andromeda System, 
Inc., Panorama City, California) includes the following equipment and software: 
11/B LSI-11 Computer System 
16 channel- 12 bit analog to digital (A/D) converter (ADC11) 
4 channel- 12 bit digital to analog (D/A) converter (DAC11) 
Programmable Real Time Clock (PRTC11) 
R1'-11 (Digital Equipment Corp.) operating system - Version 3.0B 
Macro Assembler 
Decwriter ITI teletype/lineprinter 
Houston Instruments DP-7 digital plotter 
BASIC Interpreter 
B. Time Domain Analysis 
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Motility records were obtained during estrus (0 hours) and at 6, 12, 24, 48, 
60 and 72 hours post hCG and coitus. Each paper record was divided into 
segments of burst (B) and interburst (IB) periods by visual inspection. IB periods 
were characterized by a relatively constant baseline, upon which were 
superimposed small amplitude contractions (Fig. 12). By contrast, B periods were 
intervals of intense contractile activity, characterized by much larger amplitude 
contractions. These B periods had an abrupt onset at which the baseline tonus 
increased substantially, and an abrupt termination at which this increased level of 
tonus returned to IB levels. Bursts were specifically defined as those periods in 
the motility record in which the contractile activity exceeded by 100% the 
average IB amplitude for more than 60 sec., and then returned to the original 
baseline. Although visual inspection may result in subjective application of the 
criteria, the nature of the motility record was such that when different observers 
determined the onset and termination times of a burst, differences between these 
times were typically less than 5%. In addition, the interevent duration (IE) was 
defined as the interval from the beginning of one B to the onset of the next, i.e., 
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(IE = Bx + IBx), and the burst proportion (BP) defined as the portion of time spent 
in the bursting mode (i.e., BX~xIBx)' 
The raw values of burst and interburst duration for each animal for each 
time period were entered into a master data file on the LSI-11 laboratory 
computer. This allowed easy access for subsequent statistical analysis. Mean 
values of burst, interburst, inter event intervals and mean burst proportions were 
calculated for each animal at each time period. 
All statistical tests were performed using paired data. Specifically, 
comparisons of 6, 12, 24, 48, 60 and 72 hour motility were compared to the estrus 
values in the same animal. Differences were tested using Wilcoxon's paired 
sample test (Pollard, 1977). Tests of significance of the correlation between 
motility and hormone data were done using Spearman's rank correlation 
coefficient (Pollard, 1977). This test requires each mean of motility duration at 
each time to be paired with its concurrent and preceding hormone values. For all 
statistical tests used, an alpha level of p < 0.05 was regarded as significant. 
c. Frequency Domain Analysis 
The method for measuring and analyzing the frequency content of the 
motility records specifically entails three stages: (1) the analog motility record 
is sampled and converted into discrete digital values, (2) the discrete values are 
manipulated to remove DC components and to reduce leakage, and (3) an 
estimate of the frequency content of the record (PSD estimate) is obtained from 
the Fast Fourier Transform (FFT) of the sampled records. 
The upper channel of analog motility data from four animals were 
reproduced from magnetic tape, amplified, and input into one channel of the 
ADell. This analog to digital converter has a 100 megohm input resistance and 
an 8 llsec conversion time for each sample. The ADell is triggered by the 
PRTC-l1 to sample at a compressed time rate of 8 samples per sec. Since the 
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data was dumped at 4 times real time, the PRTC-ll was programmed to sample 
at a rate of 32 samples/real sec. The rule governing the proper rate of samples is 
known as the Nyquist sampling theorem. This theorem simply states that the rate 
of sampling must be at least twice the frequency of the highest frequency 
component of the waveform being sampled. The corresponding Nyquist sampling 
frequency used in these transforms is 4 Hertz, or greater than 10 times the 
dominant frequency components shown from experimental PSD estimates. 12,000 
points (25 minutes) of the converted motility record are subsequently stored on 
magnetic diskette. For the purpose of this investigation, 3-6 burst and interburst 
segments (2-4 min.) were digitalized from each of the time records taken. 
Before executing the FFT, two procedures are performed on the discrete 
data points. First, the DC level or offset of the analog waveform is removed. 
The mean value of the waveform (DC-offset) is a component of the waveform. 
By the concept of linearity, this component is added in both the time and 
frequency domain. After transformation via the FFT, this power of the DC 
component may be significant enough to overshadow other more informative 
waveform components. This overshadowing is avoided by removing the DC 
component before transformation. This is done by subtracting the mean value of 
the waveform from each of the discrete sample numbers. Removing the DC 
component therefore improves the frequency domain resolution, especially at the 
low frequency end of the spectra. 
Secondly, the DC-adjusted waveform is multiplied by a suitable data 
window. Multiplying the waveform by a data window is necessary to reduce 
leakage. The term leakage refers to the leakage of energy from one discrete 
frequency into adjacent frequencies resulting from the analysis of a finite record 
(Bergland, 1969). Preliminary analysis indicated that a triangular window 
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sufficiently reduced the leakage into the side lobes around the major frequency 
components without impairment of resolution. 
The modified values of the record are then transformed into their frequency 
components using an FFT written in BASIC for the LSI-I1 laboratory computer. 
The PSD estimates of each of the burst segments were averaged and a composite 
PSD estimate was produced for each of the time records in each animal. 
Interburst segments were averaged in the same manner. The final composite 
burst and interburst PSD estimates were then smoothed using a weighted 5 point 
average and were plotted on a Houston HIPLOT DP-7 digital plotter. Each PSD 
was then visually analyzed and common frequency components within each animal 
at different time periods as well as common frequency components between 
animals at the same time period were noted. 
RESULTS 
I. Transducer Test and Calibration 
An extraluminal microminiature force transducer (avg. wt. < 10 mg) has 
been designed and 30 such devices have been assembled and tested (Figs. 1 and 2). 
These devices, which have an average impedance of 996 ohms, have a gage factor 
of 140, or approximately 70 times that of metal wire or foil gages with similar 
impedances. 
In addition to testing the individual gages during assembly, the completed 
devices were calibrated in terms of their response to an applied force and 
temperature before implantation. Bending forces were applied to completed 
assemblies held in the simply supported mode, and the individual gages were 
shown to respond linearly up to the 6 gm limit tested (Fig. 6). Under these 
conditions, the typical gage under tension changed +4.5 ohm/g while the gage 
under compression changed -4.2 ohm/g. These devices also responded linearly to 
temperature through the 30 to 45° C range tested, changing an average 
+1.6 ohms/o C (Fig. 7, Table 1). The temperature coefficient of the silicon 
sensors gage factor is -12%/100° F, yielding an actual, temperature corrected 
gage factor of 135.7 at normal body temperature (370 C). 
The relationship between the applied force and the strain developed in the 
sili con sensor is expressed as: 










s x F R x G.F. 
Temperature corrected gage factor 
Temperature corrected gage resistance 
Transducer sensitivity in ohm/gm 
Force applied to the sensor 
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Figure 6. Effect of bending force on gage resistance: gage A under 
tension; gage B under compression. Ro = initial resistance in 
ohms. 
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aAt 37° C ambient temperature. 
bGage A under tension. 
CGage B under compression. 

























Figure 7. Effect of temperature on gage resistance. Determined with 
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Using the above calibrations and the maximum allowable sensor strain 
(E ) specified by the manufacturer (i.e., 3000 inch/inch) the maximum force 
mu --
which can be applied to the sensors without their breaking is calculated to be 
approximately 45 gm. This maximum sensor strain is well in excess of the forces 
expected to be produced by the oviduct in vivo. 
Completed assemblies tested by immersion in a solution approximating body 
fluid (Hartman's solution) at 370 C for up to eight weeks did not deteriorate or 
change their physical properties. 
II. Acute Recording of Reproductive Tract Motility 
These devices were implanted on an acute basis during the development of 
the surgical procedure. Specifically, acute recordings have been made of rabbit 
reproductive tract motility in 20 acute implants at estrus and 24, 48, and 72 hours 
following the administration of 50 I.U. hCG (Figs. 8 and 9). For these recordings a 
transducer was attached along the longitudinal axis of the upper right isthmus, 
lower right isthmus, and lower left isthmus. In addition, one device was attached 
to the upper right uterine horn. These recordings, which were made for up to 
5 hours, reveal continuous rhythmic activity in both the oviduct and uterus 
(Fig. 8). In each case, uterine contractile activity was consistently of higher 
amplitude and lower frequency than the oviduct. 
Oviductal motility in response to epinephrine (10 1.1 g) and isoproterenol 
(5 llg) is shown in Fig. 9. The response to epinephrine was excitatory in all cases. 
Typically, the isthmus exhibited a raore pronounced contractile response than the 
uterus. This is contrasted to the prolonged quiescence produced by isoproterenol 
in the uterus. 
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Figure 8. Acute recordings of rabbit oviductal and uterine motility. 
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Figure 9. Acute recordings of rabbit oviductal and uterine motility: 
the response 72 hours post hCG (50 I.U.) to epinephrine (EPI) 
and isoproterenol (ISO). 
RABBIT (72 hr.p. HCG) 
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A comparison of rabbit fertility data in control (nonsurgical) and treated (force 
transducer-implanted) rabbits. No significant differences (p< 0.05) were noted 
between opposite sides within animal groups, or same sides between control and 
treated animal groups. Data was collected 14-18 days following 75 I.U. hCG i.v. 
and coitus. 
Right Side Left Side 
Nonsurgicalb TreatedC 
# Corpora Lutea (eL) 5.7 + 0.4(15)a 6.1 + 0.4(19) 
# Uterine Implants 4.8 + 0.3(13) 5.1 + 0.5(16) 
# Viable Conceptuses 4.6 + 0.3(13) 4.8 + 0.5(16) 
Implants as % of CL 90 + 3.2(13) 86 + 4.7(16) 
Viable Conceptuses as % of CL 85 + 4.2(13) 82 + 4.5(16) 
% Bearing Conceptuses 87(15) 89(19) 
aValues are mean ~ S.E.M.; number of animals in parentheses. 
bNonsurgical control animals. 
Nonsurgicalb 
5.1 + 0.6(15) 
4.0 + 0.4(13) 
3.8 + 0.3(13) 
86 :!: 4.7(13) 
82 :. 4.6(13) 
87(15) 
c Animals in which two force transducers are chronically implanted on right oviduct. 
TABLE 3 
TreatedC 
5.4 + 0.3(19) 
3.8 + 0.6(16) 
3.8 + 0.4(16) 
77 :!: 5.9(16) 
73 + 6.9(16) 
89(19) 
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Figure 10. A comparison of ovum transport in control (non-surgical) and 
treated (force transducer-implanted) animals. Transport is 
assessed in ternlS of intraluminal ovum position at specific 
intervals following stimulation with 75 I.U. hCG and coitus. 
Stippled bars represent mean + S.E.M.; total bars represent 
range; number of animals in parenthesis. No significant 
differences (p < 0.05) were noted between opposite sides 
within animal groups, or same sides between control and 
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A comparison of oviductal ovum recoveries in nonsurgical control and treated 
rabbits. Values are the numbers of ova visualized within the oviduct expressed as a 
% of the number of ovulated follicles. Values are mean + S.E.M. (n). No 
significant differences (p < 0.05) were noted between the opposite sides within 
animal groups, or same sides between control and treated animal groups. 
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aNumber of hours following stimulation with 75 I.U. hCG and coitus. 
b Animals in which two force transducers are chronically implanted on right oviduct. 
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were made between the control and treated animals, no significant ipsilateral 
differences were noted in the nearest, farthest, median, or mean ovum positions. 
In addition, at no time within any specific animal group were any significant 
differences noted between the two sides of the reproductive tract. The 
proportion of ova recovered within the oviduct (Table 5) did not significantly 
differ between opposite sides within animal groups or between the same sides of 
the control and treated groups. 
c. Ovarian Steroids 
No significant differences in the plasma concentrations of P were noted 
(with or without the significance level adjustment) between the control (C) and 
treated (T) animal groups at any poststimulus time (Fig. 11; Table 6). In both 
groups P surged from estrus values (C:115!. 8; T:114 ~ 12 ng%) to a peak at 
6 hours following stimUlation (C:745 + 63; T:678 ~ 119 ng%), fell until 24 hours 
(C:205:!: 12; T:188 + 15 ng96), and gradually increased through 72 hours-
(C:341 + 29; T:302 + 25 ng%). Within both the control and treated groups all 
poststimulus P values were significantly greater than the estrus value. 
Interestingly, a positive correlation existed between the estrus values and those at 
60 and 72 hours, but not with the surge at 6 hours. 
Plasma concentrations of E2 were also determined. These values ranged 
throughout the 72 hour period following stimUlation from 3.3 to 4.0 ng% in 
controls, and from 2.9 to 3.4 ng% in treated animals. Although these values are 
below the most useful range of the E2 assay, they do serve to demonstrate that 
peripheral E2 levels did not, like P, markedly vary during this period. Within both 
the control and treated groups none of the poststimulus E2 values were 
significantly different from the estrus values. 
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Figure 11. A comparison of plasma progesterone concentrations in 
nonsurgical control (-1-) and treated (--0-) animals. Vertical 
bars represent mean + S.E.M. No significant differences 
(p < 0.05) were noted between animal groups at any 
poststimulus time. Within each animal group all poststimulus 
progesterone values were significantly (p < 0.05) greater than 
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FIGURE 11 
PLASMA LEYELS OF OY ARIAN STEROIDS 
Progesterone (ng96) 
Nonsurgical Controls 
T+OR 115 + 8(35)b 
T+6 745 + 63(34)d 
T+12h 359 + 27(33)d 
T+24h 205 + 12(27)d 
T+48h 288 + 16(26)d 
T+60h 310 + 14(18)d 
T+72h 341 + 29(15)d 
RT+O signifies time of stimulation with 75 I.U. hCG and coitus. 
bYalues are mean + S.E.M.; number of animals in parentheses. 
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TreatedC 
114 + 12(16) 
678 + 119(13)d 
277 + 33(14)d 
188 + 15(15)d 
241 + 15(15)d 
283 + 25(19)d 
302 + 25(13)d 
c Animals in which two force transducers are chronically implanted on right 
oviduct. 
dYalues significantly different from estrus (T+O) (p < 0.05). 
TABLE 6 
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IV. In Vivo Oviductal Motility 
In vivo oviductal motility was chronically recorded in 14 unanesthetized 
rabbits, throughout the 72 hour period encompassing ovulation and ovum 
transport. These recordings were made via pairs of miniature extraluminal force 
transducers chronically implanted on the right isthmus of each of these animals. 
Animals in which these devices were implanted healed quickly with no evidence of 
infection or other pathological change. Autopsy revealed no hemorrhage, 
inflammation, swelling, adhesions, or other abnormalities of either the 
reproductive tract or other abdominal structures. These devices remained 
attached to their original sites, and no tubal stenosis, dilation, or perforation was 
noted. The anatomical relationships among the abdominal viscera were the same 
as those observed in normal rabbits. In addition, fertility, rates of ovum 
transport, and plasma levels of progesterone and estradiol were not different from 
those of nonsurgical controls (Fredericks et al., 1981). 
A. Time Domain 
In all 14 rabbits, consistent, predictable patterns of isthmic motility were 
recorded throughout the 72 hour periovulatory period. This activity, with the 
exception of the period immediately following implantation surgery, was 
characterized by distinct bursts (B) of intense contractile activity, interspersed 
with periods (IB) of relative quiescence (Figs. 12, 13, and 14). These Bs, which had 
an abrupt onset and termination, consisted of much higher amplitude contractions 
and marked increases in baseline tonus. The IB periods, on the other hand, were 
characterized by a relatively constant baseline, upon which were superimposed 
regular or irregular small amplitude contractions. This clear distinction between 
Band IB activity permitted a reliable quantification of this data and allowed the 
values of the various indices of motility (i.e., B, IB, and IE durations, and BPs) to 
be statistically analyzed. 
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Figur·e 12. Recordings of a rabbit's in vivo oviductal motility made with 
two chronically implanted isthmic force transducers. All 
in vivo recordings were made without anesthesia (except 
immediately following implantation surgery) at estrus and at 
varying intervals following stimulation with 75 I.U. hCG and 
coitus. 
RABBIT (24 hr p. HCG + Coitus) 
RABBIT (72 hr.p. HCG + Coitus) 
lOnw/cm 





Figure 13. In vivo oviductal motility recorded from the reproductive 
tract of the rabbit. Upper trace was recorded from the 
transducer located adovarianly; lower trace was recorded 
from the aduterine transducer. Records were taken without 
anesthesia, except for the post-surgical record, which was 
taken under light pentobarbital anesthesia. 
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Figure 14. In vivo recording of the isthmic motility in a rabbit in which 
two extraluminal force transducers were implanted on the 
right oviduct. 
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Figure 15. Summary of rabbit isthmic burst and interburst durations and 
concurrent plasma progesterone concentrations, as observed 
at varying intervals following stimulation with 75 I.U. hCG 
and coitus. Motility was recorded in 14 unanesthetized 
rabbits with two force transducers chronically implanted on 
the right isthmus. Vertical bars represent the S.E.M. Values 
significantly different from estrus are denoted by * (p < 0.05) 
or ** (p < 0.01). -1- and -0- denote upper and lower 
transducers, respectively. 
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Motility : Burst Duration 
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Upper Transducer Lower Transducer 
T+Ob 185.9 + 9.1 (13) 194.6 ~ 10.8 (13)c 
T+6 193.1 + 17.2 (13) 205.3 + 20.1 (12) 
T+12 205.9 + 14.1 (13) 213.7 + 13.7 (12) 
T+24 226.1 + 9.6 (13)d 229.4 + 11.9 (12)d 
T+48 258.4 :!: 15.9 (11)d 275.4 + 18.9 (11)d 
T+60 271.5 + 16.7 (13)d 284.9 + 13.6 (11)d 
T+72 321.1 :!: 21.3 (13)d 322.9 ~ 21.0 (11)d 
8Recorded from the right isthmus of unanesthetized, unrestrained rabbits. 
bT+O signifies time of stimulation of estrus animals with 75 I.U. heG 
and coitus. 
cValues are mean + S.E.M.; number of animals in parentheses. 





Upper Transducer Lower Transducer 
T+Ob 529.3 + 41.5 (13)c 552.7 + 35.0 (13) 
T+6 642.4 + 94.5 (13) 571.3 + 88.2 (12) 
T+12 510.7 + 53.9 (13) 553.7 + 53.8 (12) 
T+24 489.6 + 54.4 (13) 462.6 + 39.8 (11) 
T+48 712.0 + 85.5 (11)d 702.7 + 112.6 (11) 
T+60 1056.9 + 155.5 (13)d 948.3 + 117.7 (11)d 
T+72 1024.2 + 79.1 (13)d 953.3 + 86.3 (11)d 
aRecorded from the right isthmus of unanesthetized, unrestrained rabbits. 
bT+O signifies time of stimulation of estrus animals with 75 I.U. hCG and coitus. 
cValues are mean + S.E.M.; number of animals in parentheses. 
dSignificantly different from estrus (p < 0.05). 
TABLE 8 
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Figure 16. Summary of rabbit isthmic inter event durations and burst 
proportions and concurrent progesterone concentrations, as 
observed at varying intervals following stimUlation with 
751.U. hCG and coitus. Motility was recorded In 
14 unanesthetized rabbits with two force transducers 
chronically implanted on the right isthmus. Vertical bars 
represent the S.E.M. Values significantly different from 
estrus are denoted by * (p < 0.05) or * * (p < 0.01). -.- and 
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Upper Transducer Lower Transducer 
T+Ob 715.2 + 41.2 (13) 747.3 + 34.8 (13) 
T+6 835.4 + 104.9 (13) 776.7 + 103.9 (12) 
T+12 716.7 + 60.5 (13) 767.4 + 59.8 (12) 
T+24 715.7 + 54.1 (13) 692.0 + 42.9 (12) 
T+48 970.4 + 92.5 (11)d 978.1 + 123.6 (11)d 
T+60 584.6 + 162.1 (13)d 1233.2 + 120.2 (11)d 
T+72 335.8 + 93.1 (13)d 1276.2 + 96.6 (11)d 
aRecorded from the right isthmus of unanesthetized, unrestrained rabbits. 
bT+O signifies time of stimulation of estrus animals with 75 I.U. hCG and coitus. 
cValues are mean + S.E.M.; number of animals in parentheses. 




Upper Transducer Lower Transducer 
T+Ob 26.9 + 2.0 (13)c 26.6 + 1.7 (13) 
T+6 25.5 + 2.2 (13) 28.6 + 2.4 (12) 
T+12 30.2 + 2.5 (13) 28.9 + 2.1 (12) 
T+24 33.2 + 2.3 (13)d 33.9 + 1.9 (12)d 
T+48 28.1 + 2.2 (11) 30.4 + 2.6 (11) 
T+60 23.4 + 2.4 (13) 24.7 + 2.1 (11) 
T+72 24.3 + 1.1 (13) 25.9 + 1.6 (11) 
apercentage of time spent in bursting mode. 
bT+O signifies time of stimulation of estrus animals with 75 I.U hCG and coitus. 
cValues are mean percentage + S.E.M.; number of animals in parentheses. 
dSignificantly different from estrus (p < 0.05). 
TABLE 10 
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Interestingly, recordings made under light pentobarbital anesthesia 
immediately following implantation surgery did not reveal these Bs of activity, 
but rather high amplitude, irregular, continuous activity, superimposed on a 
relatively constant baseline. Within 1 to 2 days following surgery, however, Bs 
began to appear as small contractions superimposed on large, slow increases in the 
baseline. 
As summarized in Figures 15 and 16, the B durations during this 72 hour 
period ranged from a minimum of 186 sec at estrus (the time at which hCG was 
administered and the animals force bred) to 323 sec at 72 hours post-stimulation. 
Interburst durations ranged from a minimum of 460 sec at 24 hours, to a maximum 
of 1057 sec at 60 hours. Interevent durations ranged from 717 sec at estrus to 
1345 sec at 72 hours. 
Although the basic pattern of Band IB periods persisted throughout this 
period, significant changes occurred in the durations of its components. Burst 
durations increased throughout this interval, with all values significantly greater 
(p < 0.01) than their paired estrus values from 24 hours forward. Interburst 
durations diminished somewhat at 24 hours, but then were markedly prolonged at 
60 and 72 hours (p < 0.01). These values were just becoming significantly greater 
than estrus by 48 hours. The duration of the IE interval followed a similar 
pattern. The amount of time spent in bursting activity (i.e., burst proportion) was 
significantly (p < 0.01) greater at 24 hours (33%) than at estrus (27%). Although 
the BPs declined at 60 and 72 hours, these values differed only slightly from 
estrus with a p < 0.10. No significant differences were noted between the upper 
and lower transducer recordings in any of these values at any time period. 
Concurrent changes were also noted in the plasma levels of progesterone 
(p). Progesterone surged from estrus values to a peak at 6 hours, fell until 
24 hours, and gradually increased through 72 hours. All post-stimulus P values 
78 
were significantly (p < 0.01) greater than the estrus values. Plasma 
concentrations of E2 were also determined. These values were variable and 
ranged throughout this 72 hour period from 2.9 to 3.4 ng%. Although these values 
were below the most useful range of the E2 assay, they did serve to demonstrate 
that peripheral E2 levels did not, like P, fluctuate in a regular pattern during the 
periovulatory period. None of the post-stimulus E2 values were significantly 
different from the estrus values. 
Spearman's rank correlation test was used to assess the Significance of any 
correlation that existed between the motility data and the hormonal values. 
Specifically, each motility index at each time was paired with its concurrent and 
preceding P values and correlation coefficients determined. Notably, the B, IB, 
and IE durations were all significantly (p < 0.05) and positively correlated with 
the P levels of the 6 hour surge. No other significant correlations were noted, 
with the exception that the B durations at 72 hours were positively correlated 
with the 72 hour P (p < 0.05). 
B. Frequency Domain 
In an effort to determine if the frequency content of the motility records 
could be used to describe changes in the pattern of motility during ovum 
transport, the frequency characteristics of the time based analog records were 
analyzed by computing their power spectra. For this analysis, 3-6 segments of 
burst and interburst intervals, 128 to 256 seconds in length, were analyzed as 
described in Methods. The 3-6 resulting power spectra were averaged and a 
composite spectrum for each animal at each time is shown (Figs. 17-20). Since 
most of the total power was contained within the first 128 harmonics (.0004 to 
0.5 Hz) only these frequencies are shown. As illustrated by the records from 
these animals, the interburst PSD estimates have less total power and fewer 
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distinct peaks for all time intervals. Most of the prominent frequency 
cOlnponents in the burst PSDs occur between 0.06 and 0.25 Hz. 
The change in the dominant frequency components within each animal, with 
the exception of animal 8022, follows a similar pattern throughout the 72 hour 
periovulatory period. In animal 8023, distinct peaks occur at .07, .11, and .14 Hz. 
At T+6, these peaks, although somewhat diminished, are found at the same 
frequency. By T+12, the dominant frequency is found at .12 Hz, with the 
amplitude at .15 Hz diminishing. However, at T+24, there is a shift to a lower 
frequency with distinct peaks occurring at .09, .11 and .14 Hz. At time T+48, 
these peaks return to .11 Hz and .15 Hz found at estrus, and remain dominant 
through T+72. 
In animal 7923, a similar pattern of increased power at lower frequencies is 
observed. Again, at T+24 the dominant frequency components are found at .09, 
.12, and .14 Hz. Additional components emerge at .23, .27 and .35 Hz. At T+60, 
there is a return to a lower amplitude at these frequencies with a peak emerging 
at .19-.20 Hz. 
In animal 8020 a similar pattern is observed. However, the shifting of 
frequency occurs at time T+12. Distinct frequency components are observed at 
.09, .14-.15, and at .35 Hz. This may indicate a biological phase difference 
between this animal and animals 8023 and 7923. 
There is no distinct shift in frequency components observed at any time 
interval for animal 8022. Although a distinct frequency component is observed at 
.10 Hz at time T+6, no other components are apparent. Interestingly, this animal 
was not pregnant at autopsy, while the other three were. 
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Figure 17. Composite Burst Power Spectral Density Estimates 
calculated from the upper motility record at estrus, 6, and 
12 hours post hCG and coitus. Numbers in right margin 
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Figure 18. Composite Burst PSD estimate calculated from the upper 
motility record at 24, 60, and 72 hours post hCG and coitus. 
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Figure 19. Composite Interburst PSD estimates calculated from the 
motility record of 4 animals at estrus, 6, and 12 hours post 
hCG and coitus. Numbers in right margin signify animals 
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Figure 20. Composite Interburst PSD estimates calculated from the 
motility record of 4 animals at 24, 60, and 72 hours post heG 
and coitus. Numbers in the right margin signify animals used. 
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DISCUSSION 
Extensive efforts have been put forth in the last twenty years in order to 
determine the mechanisms by which ova are transported down the mammalian 
oviduct and to explain its discontinuous time course. In the.~rabbit, for example, 
ova move over the fimbria, and through the ampulla to the AIJ in a matter of 
minutes. However, movement of the ova from the AIJ through the isthmus may 
take an additional 48-60 hours. This period of isthmic retention presumably 
permits the uterus to become prepared for implantation and the zygote to mature 
sufficiently for nidation to occur. Since no anatomic structures have been 
described to account for this delayed passage through the isthmus, investigators 
have turned to functional changes in the oviductal physiology to explain this 
retention. 
Although no anatomic sphincter exists in the isthmus, the isthmus contains a 
thick tunica muscularis. From this observation it has been proposed that it is 
specifically the contractile activity of the isthmus which primarily determines the 
rate and direction of ovum movement. In an effort to determine the relationship 
between the contractile activity and ovum propulsion, a variety of techniques 
have been used to record oviductal motility. Although the techniques used 
previously have provided information on oviductal motility, all have severe 
limitations. Intraluminal methods, employing open or closed ended catheters, 
were not able to distinguish local segmental activity from general oviductal 
contractions. Moreover, placing objects within the oviductal lumen may cause 
irritation, distension, and disruption of normal function. Extraluminal methods, 
. employing various means of transducing muscle contraction or luminal diameter 
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changes to an electrical signal, have proven to be less disruptive of the normal 
function of the oviduct. However, many of the devices which have been used 
either suffered from their large size, thus making them cumbersome with respect 
to the small size of the oviduct, or possessed methodological problems in their 
manner of attachment. Recently, technological advances in electronic 
microminiaturization have enabled the production of smaller, more sensitive force 
transducers, which, when integrated into a system designed for the size and 
strength of the oviduct, allow the chronic recording of smooth muscle activity. It 
was with this technology that this investigation of oviductal motility was 
undertaken. 
I. Development of a Novel, Microminiature Transducer for Recording In Vivo 
Oviductal Motility. 
The first part of this investigation was devoted to developing a means by 
which localized contractile activity could be chronically recorded from the rabbit 
oviductal isthmus. To this end, an extraluminal force recording system has been 
developed and used to record oviductal motility on both an acute and chronic 
basis. This system revolves around a transducer device constructed from two 
computer-matched piezoresistive silicon sensors. The sensors are highly sensitive 
to bending force, with a gage factor of 140. This represents a 70 fold 
improvement in the signal to noise ratio over metal wire or foil gages with similar 
impedances. These devices are electronically stable, and respond linearly to both 
bending forces and changes in temperature. Up to the 6 g limit tested, the 
average gage under tension changes +4.5 ohm/g while the gage under compression 
changes -4.3 ohm/g. 
These devices represent a significant adva.ncement over past methods for 
recording oviductal motility. Previously, extraluminal force transducers used by 
others (Maistrello, 1970; Jeutter, 1974; Hodgson et a!., 1976; Bourdage, 1980) have 
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'suffered from a variety of weaknesses. For example, the mercury strain gage 
used by Maistrello (1970) suffered from its short life (approximately 12 days), 
large size (1 cm) and low sensitivity. In addition, the method of attachment 
required that the device and several millimeters of the oviduct be sutured to the 
abdominal wall. The devices used throughout the present study are lightweight 
( < 10 mg), and allow freedom of movement within the abdominal cavity. 
Jeutter (1974) employed a transducer similar to the device developed in this 
investigation. However, the only means available for sealing the device was by 
encasing it in a silastic tube filled with silastic adhesive. This resulted in a device 
which was approximately 1 em in length, with increased stiffness due to the 
silastic adhesive. In addition, this device exhibited a change in its physical 
properties following exposure to the moist internal environment. This was 
primarily due to the silastic adhesive absorbing fluid, resulting in a change in its 
rigidity. The devices described in this investigation have the advantage of their 
small size « 3 mm) and the advantage of a new method for insulating the device 
from the internal fluids. The insulator, parylene "cit, is applied as a vapor, and 
allows a complete seal which does not absorb water and does not change the 
physical characteristics of the implanted transducer. This allows these devices to 
be not only smaller and lightweight, but allows a greater life expectancy of the 
implanted device. 
Nelson (1976) developed a piezoresistive transducer with the dimensions and 
sensitivity commensurate with the size and power of the oviduct. However, many 
problems were encountered in its chronic use. The small size and relative 
fragility of the devices required special handling for their successful implantation. 
In vivo failures were numerous, and resulted from the lead wires becoming 
detached from the silicon gage. Physically, the devices exhibited hysteresis in the 
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resistance vs. force calibration, becoming severe at approximately 1 g of force. 
Moreover, these devices tend to break at only 6 g of force. 
The devices used in the present investigation are electronically stable, and 
respond linearly to both bending forces and temperature. Moreover, using the 
maximum allowable sensory strain, these devices are expected to record up to the 
45 g limit calculated before failure, due to breakage, would occur. 
Acute recording in 20 rabbits demonstrated the feasibility of using these 
devices to record oviductal motility. These were followed by a series of chronic 
experiments, demonstrating the feasibility of stable, long term measurements. 
It is clear, therefore, that these devices offer a major advancement over 
past methodological barriers in the recording of smooth muscle activity and will 
provide a means of assessing the role of smooth muscle activity in ovum 
transport. 
II. Determination of the Effects of this Recording Device on Reproductive 
Tract Physiology 
Having developed a system which was able to record in vivo oviductal 
motility on an acute or chronic basis, it was necessary to determine whether the 
implantation and chronic presence of these transducers on the reproductive tract 
disturbed the very physiological processes that they were designed to record. 
Historically, the disturbance of normal oviductal activity was the major drawback 
in a variety of force and pressure measuring systems, especially those which 
functioned intraluminally. Although a number of extraluminal systems which are 
closely analogous to the one described here have been used in the past, and have 
been presumed to be non-disruptive of normal function, no experiments have been 
conducted to test this presumption. The only data which has been reported 
concerning the physiological impact of devices such as these have been that by 
"Jeutter (1974). He, in fact, observed an increase in intrauterine deaths while 
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'ascertaining the effects of his extraluminal transducers on rabbit reproductive 
function. This increase in intrauterine mortality was attributed to bruising caused 
by the manner in which the transducer was attached to the reproductive 
structures. 
In the present study, rabbits which were autopsied at approximately 18 days 
into pregnancy did not show an increase in interuterine mortality. The difference 
between these two observations probably stem from the fact that the device used 
by Jeutter was functionally 4 times the size as the one used in this investigation. 
In addition, the encasement of Jeutter's device in medical adhesive made it more 
rigid. 
Knowledge of the impact that this recording system has on reproductive 
function is critical, since any conclusions concerning the contribution of oviductal 
motility to ovum transport based on the analysis of the motility record must be of 
a normally functioning system. Those items which were deemed indicative of 
normal reproductive function were compared between rabbits in which the 
recording apparatus was implanted on the right oviduct and non-surgical control 
animals. Specifically, any differences between these two groups in the number of 
corpora lutea, uterine implants, number of viable conceptuses, fertility, 
pregnancy rates, rates of ovum transport, or peripheral plasma progesterone 
would be deemed as altered reproductive function. Results from this 
investigation have shown that there were no significant changes in reproductive 
function, as measured by the above parameters. Comparisons of these data were 
made both between the opposite sides of the reproductive tract within animal 
groups, as well as between the same side of the tract between control and treated 
(transducer implanted) groups. In addition, the ovum transport, fertility, and 
hormonal data observed in this investigation generally agree with those of other 
investigators in normal rabbits (Pauerstein et a!., 1974; Polidoro, 1973). Spilman 
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(1976) measured the changes in plasma progesterone during the 72 hour 
periovulatory period in response to the LV. injection of 100 I.U hCG. His results 
have shown basal, pre-ovulatory progesterone levels of 1 ng/ml, a large 
preovulatory increase to >7 ng/ml at 6 hours post hCG, a prolonged decline to 
basal levels from 12 to 30 hours post-stimulus, and a progressive increase 
beginning at 30 hours and continuing past 72 hours post stimulus. The results 
presented here, from both the control and transducer implanted animals, support 
Spilman's results. In both control (c) and transducer implanted groups (T), P 
surged from estrus values (C:115 + 8; T:114 + 12 ng%) to a peak at 6 hours 
following stimUlation (C:745 + 63; T:678 + 119 ng%), fell until 24 hours 
(C:205 + 12; T:188 + 15 ng%), and gradually increased through 72 hours 
(C:341 + 29; T:302 + 25 ng%). 
In summary, the results presented here indicate that neither the 
implantation surgery nor the chronic presence of the transducers disturb normal 
reproductive function. This system thus represents a promising method for the 
advancement of the study of normal oviductal contractility. 
III. Oviductal Motility as it Occurs in Association with Ovulation and Ovum 
1'ransport 
In the rabbit, the isthmus is particularly important in the timed delivery of 
the luminal contents to the uterus. It has been proposed that it is specifically the 
contractile activity of the rabbit isthmus which specifically determines the rate 
and direction of ovum movement. In support of this contention, some 
investigators have noted that oviductal motility appears to change during the 
periovulatory period. Specifically, contractile activity seems to intensify during 
the period of ovum retention and to diminish during the subsequent period of 
aduterine movement (Maistrello, 1971; Salomy and Harper, 1971; Aref and Hafez, 
1973; Blair and Beck, 1976; Spilman et a!., 1978). However, despite numerous 
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recordings made of oviductal motility, consistent predictable patterns of activity 
have not been defined. Muller and Nelson (1979), for example, failed to discern in 
the unanesthetized rabbit any variations in association with the period of ovum 
transport. Moreover, it is still not known what patterns of motility are associated 
with the retention of the ova at the AIJ or with the subsequent accelerated 
movement through the isthmus. 
In an effort to clarify the relationship between changes in muscle activity 
and the pattern of ovum movement through the oviduct, a number of investigators 
have studied the relationship between the periovulatory changes in ovarian 
steroids and oviductal motility. It is well established, for example, that changes 
in the plasma levels of progesterone and estradiol occur in association with 
ovulation and transport, and that these changes are necessary for normal ovum 
movement to occur (Spilman and Wilks, 1976; EI-Banna and Sacher, 1976; Spilman 
and Bevving, 1977; Spilman et aI., 1978; Pauerstein and Weinburg, 1980; 
Overstrom, 1980). While various changes in oviductal motility and ovum 
movement have been observed in association with either physiologic or 
pharmacologic changes in these hormones, consistent patterns in response to these 
changes have yet to be defined (Spilman, 1974; Coutinho et ai., 1975; Blair and 
Beck, 1976; Spilman et al., 1978; Hodgson and Talo, 1978; Hodgson et al., 1980: 
Pauerstein and Weinburg, 1980). Thus, the relationship between the contractile 
activity of the isthmus, ovum movement, and the periovulatory ovarian hormones 
remains poorly understood. Such an understanding, however, would be useful in 
developing a predictive model of ovum transport and ultimately have desirable 
clinical implications. 
In the present study, isthmic motility has been chronically recorded in 
14 unanesthetized rabbits, throughout the 72 hour period of ovulation and ovum 
transport, and definite patterns of contractile activity have been defined. During 
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- this period, this activity consists of distinct bursts of intense contractile activity, 
interspersed with periods of relative quiescence. Although this type of bursting 
pattern has been noted in rabbits, monkeys, and humans by previous investigators 
(Salomy and Harper, 1971; Mattos and Coutinho, 1971; Sica-Blanco et al., 1972; 
Hodgson et al., 1973; Spillman, 1974; Coutinho et aI., 1976; Guiloff-Fische et a!., 
1976), it has not been apparent in the recordings made by others (Maistrello, 1971; 
Aref and Hafez, 1973; Blair and Beck, 1976; Muller and Nelson, 1979; Bourdage 
and Halbert, 1980). Why this distinct pattern was not observed by these 
investigators is not clear. It is interesting that the motility that was recorded 
immediately following implantation surgery in this investigation closely resembled 
these non-bursting records. These non-bursting, post surgical records were 
comprised of continuous rhythmic activity superimposed on a relatively stable 
baseline. In all of these animals, however, the bursting pattern appeared within 1 
to 2 days post-surgery and persisted throughout the periovulatory period. This 
suggests that the disorganization of the postoperative isthmic motility which was 
observed may be a consequence of the stress and irritation of surgery. 
In the present study, while the basic pattern of the burst and interburst 
periods was the same throughout the period of ovulation and ovum transport, 
consistent and significant changes occurred in the duration of its components. 
Burst durations increased throughout this interval, with all values significantly 
greater than estrus by 24 hours following stimulation with hCG and coitus. 
Interburst and interevent durations were prolonged from 48 hours onward. The 
intensity of this activity, as indicated by the burst proportion, was maximal and 
significantly greater than estrus at 24 hours. Although BPs declined at 60 and 
72 hours, these values differed from estrus with a p < 0.10. Although a number of 
investigators have not discerned any consistent changes in periovulatory oviductal 
motility in rabbit or humans (Sica-Blanco et al., 1972; Guiloff-Fische et a1., 1976; 
96 
Muller and Nelson, 1979; Bourdage et al., 1980), the results from this investigation 
are consistent with those which have described such changes. In particular, the 
observation that bursting activity increased to a maximum at 24 hours following 
the ovulatory stimuli, and then declined, with lengthening periods of interburst 
quiescence, is similar to observations made by Salomy and Harper (1971) and 
Spilman et ala (1978) in rabbits, and Coutinho et a!. (1976) in humans. These 
observations differ from those of Muller and Nelson (1979) and Bourdage and 
Halbert (1980), who, while noting a brief increase in contraction frequency 
immediately following the ovulatory stimulus, found motility at 24 hours and 
beyond to be the same as at estrus. 
The intensification of isthmic motility (i.e., burst proportion) which was 
noted at 24 hours coincides with the retention of the ova at the ampullary isthmic 
junction. This supports the view (Coutinho et al., 1975; Blair and Beck, 1976; 
Spilman and WilkS, 1976; Spilman et ai., 1978) that this increased contractile 
activity is functionally related to a hinderance of ovum movement. Specifically, 
the increased time spent in bursting activity may constitute a constriction of the 
oviductal lumen analogous to that observed by Blair and Beck (1976) from 16 to 
56 hours following hCG injection. By the same token, the prolonged periods of 
interburst quiescence and diminished burst proportion noted at 60 and 72 hours 
coincide with accelerated aduterine ovum propulsion. These patterns may be 
associated with a dilation of the oviductal lumen and a resultant facilitation of 
ovum movement. 
In an effort to determine the causes of such changes in motility and how 
they might be related to the progress of ova through the oviduct, investigators 
have attempted to define a relationship between periovulatory motility and the 
ovarian hormones. The observation that the burst, interburst, and interevent 
duration at 72 hours were significantly and positively correlated in each animal 
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wi th the progesterone levels at 6 hours, supports the proposal by Spilman et .!!!. 
(1978) that the preovulatory progesterone surge may have some delayed effect on 
the intensity of the isthmic motility. While exogenous progesterone has been 
shown to depress oviductal motility (Coutinho et al., 1976), increase the luminal 
diameter (Blair and Beck, 1976), and accelerate ovum movement (Vargas et al., 
1975; Chang, 1976), it remains to be determined how elevated progesterone can be 
associated physiologically with both increases and decreases in oviductal motility. 
For a number of specific reasons, the analysis of this motility has focused 
upon the duration of the burst and interburst components, rather than on their 
amplitude. First, a preliminary analysis of this data did not reveal marked or 
consistent changes in the amplitude of the burst or interburst activity during the 
periovulatory period. Secondly, amplitude, in comparison to time, is a difficult 
measurement to precisely calibrate, particularly when using a chronically 
implanted transducer. Thirdly, contraction amplitude itself is a difficult 
parameter to define, especially in smooth muscle preparations. Whether one is 
analyzing mean contraction amplitudes or contraction areas, one must make a 
number of significant assumptions to merely define a consistent baseline and from 
that, decide what constitutes a contraction (Braaksma et a!., 1971; Spilman and 
Sutter, 1976). Finally, if the basic mechanical activity of the oviduct is 
oscillatory in nature, its absolute amplitudes may be less important to ovum 
movement than the frequency of bursts and their distribution along the tube (Talo 
and Hodgson, 1976). 
Some investigators have suggested that the frequency of the contractile 
activity may be relevant to the mechanism of ovum transport. Talo and Hodgson 
(1978), employing suction electrodes to record electrical activity of the oviductal 
isthmus, have concluded that ovum transport through the isthmus is a random 
process. They proposed that the rate of ovum transport is dependent upon the 
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progression of an 1Iactive-inactive border" towards the uterus. When ova entered 
the isthmus, the AIJ became a reflecting barrier. The smooth muscle of the rest 
of the isthmus, being relatively quiescent in the initial stages of ovum transport, 
serves as an absorbing barrier. Starting at the AIJ, the smooth muscle slowly but 
progressively becomes active, thus moving the active-inactive border towards the 
uterus. Daniel (1976) proposed a similar mechanism, but did not include the 
constraint of an active-inactive border. Daniel proposed that ovum transport 
through the isthmus is the result of coupled relaxation oscillators. That is to say, 
ovum movement occurs through the isthmus when there exist frequency 
oscillators arranged in such a way that the oscillator with the highest frequency is 
distal (on the AIJ side) and the oscillator with the lower frequency is proximal to 
the OVUID. The control of the movement of the relaxation oscillators was 
presumably through hormonally-controlled cell-to-cell gap junctions (nexi). 
Verdugo et al. (1980) have proposed that ovum transport through the isthmus may 
be described as stochastic in nature. Stochastic models describe systems in which 
random processes operate. However, a stochastic model also allows certain non-
random variables to be quantitatively expressed. Simply speaking, a stochastic 
process is a random process which is biased in one direction. Verdugo proposed 
that the "to and fro" movement of the ova (also termed "spurt") may exhibit 
different frequencies of occurrence and levels of magnitude. For net ovum 
movement towards the uterus to occur, the frequency and magnitude of the 
forward spurts must be greater than in the reverse over time. Stated another 
way, the probability that a forward spurt of great enough magnitude to result in 
net forward movement to occur is higher on the ovarian side of the ovum than on 
the uterine side. 
Since most of the proposals presented above presume that a change in the 
contraction frequency occurs during the periovulatory period, an analysis of the 
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frequency components of the motility recorded in this investigation may provide 
information as to the mechanislns involved in prouterine ovum movement. 
In an effort to determine if the contractile activity of the oviduct contained 
consistently definable frequency components throughout the periovulatory period, 
burst and interburst segments of the motility record were subjected to Fourier 
analysis. The results from that analysis have shown that most of the frequency 
components found at all times throughout the periovulatory period are found 
between 0.06 and 0.20 Hz. Peak components can be found to occur at 0.11 and 
0.14 Hz, with the most consistent component, found in all records, occurring at 
0.14 Hz. Bourdage (1980), using frequency analysis to compare signal output 
differences between his optoelectric transducer and a mechanical force 
transducer, noted a predominate frequency of 0.17 Hz. Although there was a 
significant difference in the method of recording, there IS a striking similarity 
between the findings of Bourdage and those presented here. 
In the present study, the analysis of the frequency component of the 
contractile records was performed on records taken throughout the periovulatory 
period. Although no other investigator has performed this analysis at these times, 
Jeutter (1973) has noted that the frequency of peaks occurring in the 
postovulatory burst in the Rhesus monkey was approximately 4.5 cycles/min. 
(0.08 Hz). As was noted in the results, there occurred a frequency shift from a 
dominant frequency component of .11 and .14 Hz to a lower frequency component 
at .09 Hz. This shift occurred at 24 hours post stimulus which coincides with the 
retention of the ova at the ampullary isthmic junction. 
The results of this analysis do not seem to support the proposals by Talo and 
Hodgson (1978), Daniel (1976), or Verdugo et a!. (1980) which indicate that an 
increase in the frequency component would likely occur around the time the ova 
are entering the proximal isthmus. The present experiments reveal no increases 
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in these parameters. However, it should be realized that the sensitivity of this 
analysis is somewhat restricted. Records which were analyzed during this 
transport process were approximately 10 hours apart. Therefore it is possible that 
if a frequency change occurred, and this change occurred between recording 
sessions, it would have been missed. 
While this study may suggest the importance of isthmic motility in ovum 
propulsion and the importance of P in regulating these processes, many additional 
experiments remain to be carried out before a predictive model of transport can 
be developed. Of particular interest is a better definition of the specific 
attributes of motility which cause accelerated or impeded ovum movement. For 
example, a single injection of 100 llg estradiol given one day post hCG will 
produce ova retention at the AIJ. This blocking may be partially reversed by pre-
ovulatory treatment with progesterone. However, if progesterone is given for 
three days prior to ovulation, ova may be recovered from the uterus at 12 hours 
after ovulation. An understanding of the relationship between these 
pharmacologic manipUlations of ovunl transport and oviductal motility may aid in 
the elucidation of the relationship between post-ovulatory steroid surges and the 
pattern of motility recorded in this study. The system of recording oviductal 
motility developed in this thesis thus will provide the opportunity to determine 
these relationships without disrupting normal function. 
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